Cause-speci c mortality data on Danish monozygotic (MZ) and dizygotic (DZ) twins are used to analyze the in uence of smoking and body mass index (BMI) on heritability estimates of susceptibility to coronary heart disease (CHD). The sample includes 1209 like-sexed twinpairsbornbetween 1890 and 1920, where both individuals were still alive and answered a questionnaire, including information about smoking, height and weight, in 1966. The analysis was conducted with both sexes pooled due to the relatively small numberof twin pairs. Follow-up was conducted from 1 January 1966 to 31 December 1993. We use the correlated gamma-frailty model with observed covariates for the genetic analysis of frailty to account for censoring and truncation in the lifetime data. During the follow-up, 1437 deaths occurred, including 435 deaths due to CHD. Proportions of variance of frailty attributable to genetic and environmental factors were analyzed using the structural equation model approach. Di erent standard biometric models are tted to the data to evaluate the magnitude and nature of genetic and environmental factors on mortality. Using the best tting model without covariates, heritability of frailty to CHD was found to be0.45 (0.11). This result changes only slightly to 0.54 (0.16) after controlling for smoking and BMI. This analysis underlines the existence of a substantial genetic in uence on individual frailty associated with mortality caused by CHD. No evidence for common genetic factors acting on smoking, BMI, and susceptibility to CHD are found which indicates that the association between smoking and susceptibility to CHD and BMI and susceptibility to CHD is not confounded by common genetic factors.
Introduction
Twin studies is one of the most widely used methods for quantifying the in uence of genetic and environmental factors on speci c diseases. In the case of binary traits (where disease is either present or not), concordance analysis provides a powerful and widely accepted method in genetic epidemiology. Concordance rates are easily to calculate and allow a clear interpretation (McGue 1 , Gatz et al. 2 ). In practical applications, time-toevent data (time of onset of disease, age at death) is often available, but usually in a truncated and/or censored form. Censoring of bivariate observations can bea complex problem, as either or both individuals of a pair may be subject to censoring, and the censoring times need not to be the same for both individuals. Additional problems arise through bivariate truncation, which implies a non-random selection of the study population from the total twin population. Furthermore, in many cases covariates are available. Unfortunately, it is di cult to manage truncated and censored time-to-event data and covariates within the context of concordance analysis. A large part of the motivation for the methodology of this article is exploring the potential for censored and truncated data and the inclusion of measured covariates. One key question here is whether the inclusion of covariates changes the heritability estimates of susceptibility t o the disease under study. We aim to study bivariate survival times X 1 X 2 which depend, via a proportional hazards models, on unobserved variables Z 1 Z 2 (called frailties). That is, we seek to explain an association between two (non-negative) survival times. They have a c o n tinuous joint distribution through their common dependence upon unobserved random variables. Such models are particularly convenient in the context of survival data and they stem from the (univariate) concept of frailty introduced by Vaupel et al. 3 . The univariate frailty model extends immediately to frailty models with a bivariate survival function S(x 1 x 2 ) = P(X 1 > x 1 X 2 > x 2 ). The bivariate frailty model asserts that X 1 and X 2 are conditionally independent, given Z 1 Z 2 , a n d that:
S(x 1 x 2 ) = Ee ;Z 1 H 01 (x 1 );Z 2 H 02 (x 2 ) (1) for some cumulative baseline hazard functions H 01 and H 02 . We will give more detailed information about this model later on. We want to apply the bivariate frailty model to twin data on mortality due to coronary heart disease (CHD). The role of family aggregation of CHD is well established. Questions about the nature of the genetic e ects (additive versus non-additive) are addressable. Former studies from the Danish 4 and Swedish 5 6 twin registries found a genetic component in the risk of death from coronary heart disease. Recent studies 7 8 used approaches from survival analysis to account for truncation and censoring present in the data. Such kinds of methods have t o c o m bined with methods from genetic epidemiology. Heterogeneity of individuals with susceptibility t o CHD as well as important c o variates is included in the present model. For such a combined analysis, we apply the correlated gamma-frailty model with observed covariates 9 10 in the present paper, which t a k es into account the dependence of life spans of relatives (twins). This allows the estimation of the e ect of genetic factors in susceptibility to CHD and the evaluation as to what extend smoking, BMI, and susceptibility to CHD are all in uenced by common genetic factors. This approach enables the combination of data on the age at death with data on cause of death, smoking, and BMI and further, to deal with truncated and censored observations. For each individual we assume two independent underlying competing risks of latent times (lifetime with respect to death due CHD and lifetime with respect to death due to all other diseases (including censoring)). In addition, we assume that these competing risks are independent. An extension of the model to more than two competing risks is possible, but beyond the scope of the present paper. We empirically demonstrate the advantages of the model in the statistical analysis of lifetime data from Danish twins, which were already used in Herskind et al.
11
, but now with a special focus on mortality caused by CHD and applying a frailty model. The model allows checking hypothesis about genetic confounding in the relationship between the covariates (smoking and BMI) and susceptibility to CHD. The concept of genetic confounding was originally introduced by R.A. Fisher . In 1966, a questionnaire including questions about smoking, height, and weight was mailed to all twins born 1890-1920 who were alive and traceable on 1 January 1966. 3709 individuals answered the questionnaire (response rate 65 %). Excluded from the study were 813 twins with non-responding partners, four pairs with unknown zygosity and 212 pairs with incomplete or uncertain information on height and weight. 23 pairs were excluded because of incomplete information about cause of death, resulting in a study population of 1209 twin pairs. Individuals were followed from 1 January 1966 to 31 December 1993. Those persons identi ed as deceased after that date are classi ed for our purposes as 'living'. At the end of follow-up, approximately 40 % of the twins were still alive, resulting in right censored data. Altogether, there are 210 male monozygotic twin pairs and 316 dizygotic twin pairs, 273 female monozygotic twin pairs and 410 dizygotic twin pairs. In addition to age at death, there is also information on cause of death available for all individuals who died during the follow-up. For the present study, only the underlying cause of death was considered. Detailed information about death status, gender, zygosity, smoking, and BMI of the study population is given in Table 1 
Mortality
After the age of six, death rates for Danish twins born between 1870 and 1900 are almost the same as those for the same cohorts of the Danish population. The distributions of age at death for monozygotic twins are close to those of dizygotic twins for both sexes 14 . Recent papers dealing with twin cohorts bornduring the period of 1870 -1930 found similar mortality patterns for Danish twins and the general Danish population with respect to CHD 8 15 . This similarity suggest that it is possible to generalize genetic results from survival analysis of twins to the total population with respect to mortality due to CHD. For the present report, CHD is grouped as ICD 420 in the sixth and seventh revision and as ICD 410 -414 in the eighth ICD revision.
Statistical methods
Univariate lifetime models cannot capture the association between the life spans of related individuals like t wins. Consequently, bivariate distributions of dependent lifetimes are necessary. For genetic analysis of time-to-event data, associations between durations are needed. In this paper, we want to analyze genetic and environmental factors acting on susceptibility (frailty) to mortality due to CHD when controlled for smoking and BMI. The correlated gamma-frailty model with observable covariates can be used to t bivariate lifetime data and provide a speci c parameter for correlation of frailty to death. The interesting point here is, that individual frailties in twin pairs could not be observed, but their correlation can be estimated by application of the correlated gamma-frailty m o d e l . Now w e w ant t o m a k e more speci c assumptions about the structure of the lifetimes. To include heterogeneity in our model, we assume a correlated gamma-frailty m o d e l 16 17 . Let (S(x 1 ju 1 ) ; 2 + S(x 2 ju 2 ) ; 2 ; 1) ; 2 (2) where S(xju) denotes the marginal univariate survival function, assumed to be equal for both partners in a twin pair. Using a parametric approach we tted a GammaGompertz model to the data, e.g. S(xju) = are parameters to be estimated. Let (X 11 X 12 U 11 U 12 ) : : : (X n1 X n2 U n1 U n2 ) be independent and identically distributed (i.i.d.) lifetimes and observable covariates. The lifetimes (X i1 X i2 ) are assumed to be independently censored from the right by i.i.d. pairs of non-negative random variables (C 11 C 12 ) : : : (C n1 C n2 ), which are independent of the (X i1 X i2 ). Thus, instead of (X i1 X i2 U i1 U i2 ) we only observe
with T ij = minfX ij C ij g, ij = 1(X ij C ij ) (i = 1 : : : n j = 1 2), where 1( ) denotes the indicator function of the event in the brackets. Let us assume that the lifetimes follow a distribution (dependent on observable covariates U 1 U 2 ) given by the bivariate survival function S(x 1 x 2 ju 1 u 2 ) = P(X i1 > x 1 X i2 > x 2 ju 1 u 2 ), and denotes by C(c 1 c 2 ) = P(C i1 > c 1 C i2 > c 2 ) the survival function of censoring times. Hence, the survival function of the four-dimensional latent times is of the form:
S(x 1 c 1 x 2 c 2 ju 1 u 2 ) = S(x 1 x 2 ju 1 u 2 )C(c 1 c 2 ): @ t 1 @ t 2 . Because of the independence assumption between lifetimes (X i1 X i2 ) and censoring times (C i1 C i2 ) the distribution of the censoring times does not enter the likelihood function. As mentioned above, the twin pair data set used is not randomly selected from the total twin population. Since both members of a twin pair had to be still alive on 1 January 1966, the survival times in the data set are sampled from speci c conditional distributions. If a twin pair was born in year y (where y=1880, ... ,1920), the condition of survival of both twins until the year 1966 implies that both twins had to survive u n til the age of 1966-y in order to be included in the sample. If the survival times are denoted by X 1 and X 2 with survival function S(x 1 x 2 ju 1 u 2 ), then the conditional survival function for a t win pair born in year y is: 
For a combined analysis of monozygotic and dizygotic twins we include two correlation coe cients, M Z and DZ , respectively. These correlations between monozygotic and dizygotic twins provide information about genetic and environmental in uences on frailty within individuals.
Quantitative genetics of frailty
In twin studies, the intrapair-correlations of the trait under study (here frailty on mortality due to CHD) in monozygotic and dizygotic twin pairs play the key role for analysis of genetic and environmental factors. Using these coe cients, ve standard genetic models of frailty are tted to the data that corresponds to ve di erent assumptions about its structure. Resemblance in twins is (completely for monozygotic twins and partly for dizygotic twins) caused by two factors: additive genetic factors (A) and shared environmental factors (C). Non-shared environment is (completely for monozygotic twins and partly for dizygotic twins) responsible for intra-pair di erences in twins. From the estimation point of view, three parameters could be included into the model simultaneously, because there are data about two di erent groups of relatives (monozygotic and dizygotic twins). Models that are more complex need data about additional groups of relatives. Each additional group of relatives allow f o r an additional parameter in the model. The following biometric models were tted to the data: ACE, ADE, AE, DE and CE. In these notations, an ACE model refers to the decomposition of frailty Z=A+C+E. ADE, AE, DE and CE models are de ned similarly. We use the small letters a 
For detailed information about these genetic models, and deriving the upper equations, see Neale and Cardon 18 . Note that the AE model and the CE model are not nested. Consequently, the likelihood ratio test could not beused to de ne the model with the best t to the data. The Akaike Information Criterion (AIC) 19 is used to compare non-nested models. To c o m bine the approach of quantitative genetics with the methods of survival analysis we used the correlated gamma-frailty model with genetic and environmental components of frailty. In this approach, the decompositions in (7) must besubstituted into survival model (2) . This model must be used to estimate the parameters a Because not all models are nested, the likelihood ratio test can not be applied to compare all ve biometric models. Applying the correlated gamma-frailty m o d e l with and without observed covariates the Akaike Information Criterion prefers the AE model. Using this model, heritability c hanges from 0.45 (0.11) without covariates, to 0.54 (0.16) with covariates (see Table 3 ). Standard errors for the ACE model are not shown in Table 3 
Discussion
The presented method in this article with its suitability for censored and truncated data and the possibility to include observed covariates allows to overcome the wellknown drawbacks of the traditional concordance analysis in twin studies with time-toevent data. An important question arising in genetic analysis of models with observed covariates (in our case smoking and BMI) is whether genes that are responsible for variation in observed covariates also contribute to a variation in susceptibility to CHD. In that case traditional biometrical methods of regression analysis can led to spurious e ects of covariates. In extrem cases not covariates, but common genes may be responsible for variation in life span. ). However, whether common genes in uence these phenotypic traits, as well as susceptibility t o C H D , i s a n o p e n q u e s t i o n . In 1958 R.A. Fisher 12 suggested that the association between smoking and lung cancer is spurious and re ects only the circumstance that the same genes in uence bothsmoking habits and lung cancer. This was the starting point for a long debate on genetic confounding. The main result of the present paper was that the inclusion of smoking and BMI do not cause any substantial decrease in the heritability estimates. Hence, no evidence was found for common genetic factors acting on smoking and susceptibility to CHD or BMI and susceptibility to CHD. This study con rms the earlier nding that the genetic in uence on susceptibility to CHD is not mediated trough genetic in uence on smoking and BMI. As expected the inclusion of observable covariates decreases the heterogeneity in the population, which can be seen in the decline of the variance of the frailty from = 2 :78 in the model without covariates to = 1:99 in the model with covariates. This makes clear that frailty is not a phenotypic trait. Frailty depends on the model, it describes factors not included in the model. When observed covariates are included in the model, the relative importance of environmental factors (shared environment, C, and non-shared environment, E) is reduced, leading to an increase in the heritability estimates observed in the present analysis. However, this increase is negligible with respect to the calculated standard errors of these estimates. Genetic confounding would lead to a decrease in heritability estimates because in that case genetic factors contribute predominantly to the observed covariates rather than to unobserved covariates included in the frailty. The analysis underlines the importance of genetic factors on individual susceptibility t o CHD. Otherwise, the heritability estimate in our study (0.45 for both sexes combined) is lower than those found in a previous analysis of an extension of the presented data set (without covariates) with heritability estimates of 0.53 and 0.58 for males and females, respectively (Wienke et al. 8 ). The lower estimates in the subsample analyzed in the present paper may be a consequence of a decline in the heritability of CHD with increasing age as found in Marenberg et al. 6 and Zdravkovic et al. 7 . The twin population in our study is much older because time of truncation was 1966 compared with 1943 in the paper by Wienke e t a l . 8 . Furthermore, the youngest cohorts (birth years [1921] [1922] [1923] [1924] [1925] [1926] [1927] [1928] [1929] [1930] are not included in the present analysis. The proposed method allows to handle censored and truncated time-to-event data of related individuals in the case of observed covariates. The hypothesis of genetic confounding can be checked and the in uence of observable covariates on heritability can beanalyzed.
